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ABSTRACT Two-dimensional gel electrophoresis re-
solved total cellular protein from Euglena gracifis Klebs var.
bacillaris Cori into 640 polypeptides detectable by silver stain-
ing. The addition of 84mM ethanol to dark-grown resting car-
bon-starved cells increased the relative amounts of 6 polypep-
tides and decreased the relative amounts of 3 polypeptides.
The addition of 84 mM malate to resting cells increased the
relative amounts of 3 of the ethanol-induced polypeptides, sug-
gesting that the induction of these polypeptides represents a
generalized response to the provision of a utilizable carbon
source, a nutritional shift up, rather than a specific response
to ethanol addition. Exposure of dark-grown resting Euglena
to light increases the relative amounts of 79 polypeptides en-
coded by the nuclear as well as the chloroplast genome and
decreases the relative amounts of 72 polypeptides. Ethanol but
not malate specifically inhibited all of the light-dependent
changes in polypeptide levels, indicating that chloroplast de-
velopment in Euglena is a catabolite-sensitive process.

Free-living microorganisms are capable of utilizing a wide
variety of organic compounds as the sole source of carbon
and energy for growth. The enzymes required to utilize some
of these compounds are inducible; their rate of synthesis and
steady-state level is significantly increased when the com-
pound they metabolize is present in the environment (1, 2).
In eukaryotes, the enzymes comprising some metabolic
pathways are localized within subcellular organelles. The in-
duction of microbodies by methanol (3) and ethanol (4), the
induction of mitochondria by oxygen (5), and the induction
of chloroplasts by light (6) are examples of the induction by a
substrate of the enzymes, in this case an entire organelle,
required to utilize that substrate. By not forming an organ-
elle under conditions in which it is gratuitous for growth,
energy is conserved. In many cases, more than one utilizable
carbon source is present in the environment and the pres-
ence of one utilizable carbon source represses the synthesis
of those enzymes required to utilize an alternative carbon
source that is also present. This process, termed catabolite
repression (1), establishes a hierarchy of carbon source utili-
zation; a more efficient carbon source will be fully utilized
prior to the expenditure of energy that is required to synthe-
size the enzymes for utilization of the less efficient carbon
source. Catabolite repression has been extensively studied
in prokaryotes (7) as well as in eukaryotes such as yeast (2,
8), where the synthesis of specific enzymes as well as entire
organelles, mitochondria and microbodies, is repressed by
glucose, a fermentable carbon source (2).

Just as yeast mitochondria are gratuitous to cells grown on
a fermentable carbon source, chloroplasts are gratuitous to
cells grown in the dark or in the presence of a utilizable
source of organic carbon. Studies with Chlorella protothe-
coides (9), Euglena (10-13), and Poterochromonas malha-
mensis (14) have shown that chloroplast formation is re-

pressed when a utilizable carbon source is present in the me-
dium. In a number of cases, the addition of a utilizable
nitrogen source can reverse this repression, leading some au-
thors to suggest that repression is a nonspecific metabolic
effect of the carbon/nitrogen ratio in the growth medium
rather than a specific metabolic effect of the carbon source
(9, 11) and, thus, not an example of catabolite repression of
chloroplast biogenesis.
Euglena is a facultative phototroph whose heterotrophic

growth rate in the dark on a variety of carbon sources such
as ethanol or glutamate and malate (6) is comparable with the
phototrophic growth rate. Since light, acting through two
photoreceptors, induces the formation of the enzymatic ma-
chinery required to utilize light and CO2 as the sole source of
carbon and energy for growth, a process termed chloroplast
development (6), Euglena is an ideal organism for studies of
the catabolite sensitivity of chloroplast biogenesis. Studies
in Euglena of light-dependent changes in the specific activity
of a number of chloroplast enzymes have shown that ethanol
but not malate specifically inhibits chloroplast development
in nitrogen-sufficient Euglena (12, 13, 15) suggesting that, as
found for the development of mitochondria in yeast (2), the
development of chloroplasts in Euglena is catabolite sensi-
tive. A large number of plant enzymes are, however, activat-
ed or inactivated by light (16). Changes in enzyme specific
activity could, therefore, be due to ethanol inhibition of en-
zyme activation rather than catabolite repression of polypep-
tide synthesis. Furthermore, studies of single enzymes pro-
vide no information regarding the extent to which ethanol
inhibits light-induced polypeptide accumulation. By using
two-dimensional gel electrophoresis, it is possible to over-
come these problems associated with studies of changes in
the specific activity of individual enzymes. In a single ex-
periment, it is possible to follow changes in the relative
amounts of 640 of the most abundant polypeptides of Eugle-
na and identify those polypeptides whose relative amount is
increased or decreased as a result of light exposure (17). In
this paper, we report that ethanol but not malate specifically
inhibits all of the light-dependent changes in polypeptide lev-
els; light-induced polypeptide synthesis and degradation,
which is controlled by the chloroplast and nonchloroplast
photoreceptor, is catabolite sensitive. A brief report of this
work has appeared (18).

MATERIALS AND METHODS
Euglena gracilis Klebs var. bacillaris Cori maintained in our
laboratory in the dark for many years was used. Conditions
for cell growth, the preparation of resting cells, light-induced
chloroplast development, and the supplementation of resting
cells with 84 mM ethanol or 84 mM L-malate have been de-
scribed (19). Total cellular protein was extracted with phenol
and analyzed by two-dimensional gel electrophoresis, and
the gels were stained with silver nitrate as described (17).
The visualization reaction was stopped 1.5 min after appear-
ance of the first detectable polypeptide by the addition of
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0.75 mM NaOH. Sample protein concentrations were deter-
mined by the Coomassie blue method (20) using bovine se-
rum albumin as a standard. Only those polypeptides whose
relative amounts were altered in at least three out of four
independent experiments are reported. The figures represent
gels that were run and stained at the same time.

RESULTS
Catabolite Induction of Polypeptides. Two-dimensional gel

electrophoresis reproducibly resolves total cellular protein
extracted from resting carbon-starved Euglena into 640 ± 45
polypeptides that are detectable by silver staining (17). Indi-
vidual polypeptides are identified by an alphanumeric sys-
tem (17) consisting of a letter (A-D, A being the most acidic)
corresponding to the isoelectric focusing sector of the gel in
which the polypeptide is found and a number corresponding
to the apparent molecular weight of the polypeptide rounded
to the nearest 1000. For proteins of the same molecular
weight, a decimal is added with the most acidic protein cor-
responding to 0.1. The addition of 84 mM ethanol to dark-
grown resting cells maintained in the dark reproducibly in-
creased the relative amounts of 6 polypeptides (Fig. 1 Mid-
dle, diamonds). Three of these polypeptides, A35, B34.1,
B34.2, also accumulated when 84 mM malate was added to
resting cells (Fig. 1 Bottom, diamonds) indicating that, as
found for fumarase and succinate dehydrogenase (19), their
induction is probably a response of starving cells to a nutri-
tional shift up. Levels of these polypeptides probably de-
crease during starvation and increase in response to the
availability of any utilizable carbon source. The relative
amount of 1 of these shift-up proteins, B34.1, decreases
when unsupplemented resting cells are exposed to light (17).
The remaining 3 ethanol-induced polypeptides, B53, C68,
and D87, are induced by only ethanol; their induction repre-
sents a specific response to ethanol addition rather than a
general response to a nutritional shift up. Polypeptides spe-
cifically induced by ethanol are probably enzymes required
for ethanol metabolism and many of these polypeptides are
localized within glyoxysomes (21, 22). The specific induc-
tion of the glyoxysomal marker enzyme, malate synthase, by
ethanol is transient (4). Maximal enzyme levels are seen 24
hr after the addition of ethanol to resting cells (4). By 72 hr
after ethanol addition, enzyme levels have declined and they
are only about 2- to 3-fold higher than in uninduced cells (4).
Enzyme levels in the light are also lower than in the dark (4,
23). The small number of polypeptides detected by two-di-
mensional~gel electrophoresis whose levels are reproducibly
increased in ethanol-supplemented cells probably reflects
the fact that at the time of sampling, 72 hr after ethanol addi-
tion, many of the increases in polypeptide levels produced
by ethanol, 2- to 3-fold, are at the limits at which a change
can be visually detected on the stained gel (17). It is also
quite possible that the majority of the glyoxysomal enzymes
are not among the 650 most abundant cellular proteins and
are therefore not detectable on silver-stained gels.
The addition of 84 mM ethanol to dark-grown resting cells

maintained in the dark decreased the relative amounts of
three polypeptides; A76, C103.1, and C62.4 (Fig. 1, hexa-
gons). One of these-, ClO.-1, is specifically decreased by eth-
anol addition; light (17) and malate (Fig. 1) have no effect on
the level of this polypeptide. One polypeptide, A76, in-
creases in relative amount on light exposure (17) and etha-
nol, but not malate, decreased the level of this polypeptide.
The other polypeptide whose level decreased after ethanol
addition, C62.4 (17), also decreases in unsupplemented cells
exposed to light. The addition of malate to resting cells failed
to decrease the relative amount of any of the polypeptides
resolved.

Catabolite Repression of Light-Dependent Polypeptide Syn-
thesis. Light regulates chloroplast development in Euglena.

Proc. NatL Acad Sci USA 81 (1984) 2787

Exposure of dark-grown resting Euglena to light induces the
synthesis of chloroplast-localized enzymes such as NADP-
glyceraldehyde-3-phosphate dehydrogenase (12, 24) as well
as microbody enzymes such as glycolate dehydrogenase (4,
21). Of the 650 polypeptides resolved by two-dimensional gel
electrophoresis, the relative amounts of 79 increase after
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FIG. 1. Ethanol- and maatependent-r-hanges-inxhe polypep-
tide composition of Euglena. Silver-stained two-dimensional gels of
60 ,g of total cellular protein extracted from dark-grown resting Eu-
glena maintained in the dark for 72 hr with no additions (Top) or in
,the presence of 84 mM ethanol (Middle) or 84 mM malate (Bottom)
are shown, Polypeptides whose relative amounts decrease or in-
crease on carbon supplementation are enclosed in hexagons or dia-
monds, respectively. The letters (A-D) indicate the sectors used to
identify polypeptides by alphanumeric nomenclature. The numbers
on the right indicate approximate molecular weights (x 10-3). Only
those polypeptides whose relative amounts increased or decreased
in at least three out of four independent experiments are reported.
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light exposure (17). Studies with the bleached mutant W3
BUL indicate that at least 12 of those polypeptides are in-
duced by light acting through the blue-absorbing nonchloro-
plast photoreceptor (17). When 84 mM malate is added to
dark-grown resting cells at the time of light exposure, the
relative amounts of all 79 light-induced polypeptides in-
creased (Fig. 2 Top, squares; compare levels with Fig. 1
Top). A visual comparison of staining intensities indicated
that the levels of light-induced polypeptides in malate-sup-
plemented cells were comparable with the level found in un-
supplemented cells exposed to light (data not shown). The
addition of 84 mM ethanol to dark-grown resting cells at the
time of light exposure inhibited the photoinduction of the
majority of the light-induced polypeptides (Fig. 2 Bottom).
In ethanol-supplemented cells maintained in the light, the
relative amounts of only 2 nuclear-encoded polypeptides,
A76 and A23 (17), and the relative amount of one polypep-
tide thought to be encoded by the chloroplast genome, B51
(17), increased as a result of light exposure (Fig. 2 Bottom,
squares). Although the level of one of these nuclear-encoded
polypeptides, A76, is decreased when ethanol-supplemented
cells are maintained in the dark (Fig. 1), its level in ethanol-
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FIG. 2. Catabolite repression of light-dependent changes in the

polypeptide composition of Euglena. Silver-stained two-dimension-
al gels of 60 pg of total cellular protein extracted from dark-grown
resting Euglena exposed to light for 72 hr with addition at the time of
light exposure of 84 mM malate (Top) or 84mM ethanol (Bottom) are

shown. Polypeptides whose relative amounts decrease or increase
on light exposure are enclosed in circles or squares, respectively.
The letters (A-D) indicate the sectors used to identify polypeptides
by alphanumeric nomenclature. The numbers on the right indicate

approximate molecular weights (x 10-). Only those polypeptides
whose relative amounts increased or decreased in at least three out

of four independent experiments are reported.

supplemented cells maintained in the light is higher than its
level in dark-grown resting cells prior to ethanol addition.
Visual comparison of staining intensities indicates that the
level of light-induced polypeptides in ethanol-supplemented
cells, however, was always less than the level in unsupple-
mented cells. The photoinduction of the large subunit
of ribulose-1,5-bisphosphate carboxylase/oxygenase (EC
4.1.1.39), polypeptide D54, and two other polypeptides, A17
and D21, thought to be encoded by the chloroplast genome
(17), was fully inhibited by ethanol addition, indicating that
ethanol inhibits the accumulation of polypeptides encoded
by both the nuclear and chloroplast genome. Since malate
has no effect on light-induced polypeptide accumulation, re-
pression is a specific effect of ethanol metabolism rather
than a general effect produced by the stimulation of cell divi-
sion and protein synthesis. By analogy to the repression of
enzymes of known function, those polypeptides whose in-
duction is fully repressed are probably chloroplast-localized
polypeptides such as NADP glyceraldehyde-3-phosphate
dehydrogenase (12, 24) and phosphoglycolate phosphatase
(25) and microbody-localized polypeptides such as glycolate
dehydrogenase (4, 21, 22) that are required for photosynthet-
ic CO2 fixation, while polypeptides whose induction is only
partially repressed are probably polypeptides such as chloro-
plast valyl-tRNA synthetase (13, 15) that are required to
maintain the genetic continuity of the chloroplast.
A number of polypeptides were induced by the addition of

ethanol and/or malate to resting cells maintained in the dark
(Fig. 1) and these same polypeptides were induced when the
carbon-supplemented cells were exposed to light (Fig. 2). Vi-
sual comparison of staining intensities indicated that light ex-
posure had no effect on the levels of ethanol-induced poly-
peptides. The levels of polypeptides induced by malate addi-
tion, however, were lower in cells maintained in the light
(compare Figs. 1 and 2).

Catabolite Repression of Light-Dependent Polypeptide Dis-
appearance. In resting cells, the amino acids required for
chloroplast development are obtained through the degrada-
tion of preexisting proteins (12, 24). Thus the specific activi-
ties of ALA synthase [succinyl-CoA: glycine C-succinyl-
transferase (decarboxylating), EC 2.3.1.37] (26) and NAD-
specific glyceraldehyde-3-phosphate dehydrogenase (EC
1.2.1.12) (24) decrease on exposure of resting cells to light.
High levels of these enzymes are required for heterotrophic
growth but are gratuitous to phototrophic growth. Of the 640
polypeptides resolved on two-dimensional gels, the relative
amounts of 72 polypeptides decrease after 72 hr of exposure
to light (17). Studies with the bleached mutant W3 BUL indi-
cate that the disappearance of at least 14 of these polypep-
tides is controlled by light acting through the blue-absorbing
nonchloroplast photoreceptor (17). When 84 mM malate is
added to dark-grown resting cells at the time of light expo-
sure, the relative amounts of all 72 light-decreased polypep-
tides decreased (Fig. 2 Top, circles) and the decrease in mal-
ate-supplemented cells was comparable with the decrease
seen in unsupplemented cells exposed to light (data not
shown). The addition of 84 mM ethanol to dark-grown rest-
ing cells at the time of light exposure inhibited the light-de-
pendent decrease in the majority of the light-decreased poly-
peptides. The levels of only 7 polypeptides, A54, B20.2,
C62.3, C62.4, D104, D102, and D18, were lower in ethanol-
supplemented cells exposed to light than in unsupplemented
cells maintained in the dark (Fig. 2 Bottom, circles). A visual
comparison of staining intensities indicates that the de-
creases in polypeptide levels that occur in ethanol-supple-
mented cells exposed to light do not appear to be as great as

I the decreases seen in unsupplemented cells exposed to light
(data not shown). Those enzymes whose light-dependent
disappearance is fully inhibited by ethanol are thus probably
polypeptides required for heterotrophic growth but gratu-
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itous to phototrophic growth. Their degradation provides the
amino acids required for the synthesis of chloroplast compo-
nents (12, 17, 24). Taken together, these results indicate that
ethanol at least partially represses all of the light-dependent
changes in the actual amounts of Euglena polypeptides that
are controlled by light acting through a chloroplast and
nonchloroplast photoreceptors. The previously reported re-
pression by ethanol of light-dependent changes in the specif-
ic activity of a number of chloroplast and nonchloroplast en-
zymes (10, 12, 13, 25) probably results from a change in the
amount of enzyme protein rather than a change in the activi-
ty of the enzyme.

DISCUSSION
Light allows CO2 to be used as a sole source of carbon and
energy for growth of Euglena. Light induces the enzymes, in
this case the entire organelle required for phototrophic
growth, a process termed chloroplast development (6). Etha-
nol can also be used as a sole source of carbon and energy
for growth and ethanol induces the formation of glyoxy-
somes (4, 21), the organelle containing the enzymes required
for growth on ethanol (21). Ethanol at least partially inhibits
all of the light-dependent changes in polypeptide levels in
Euglena. Light-dependent increases and decreases in the rel-
ative amounts of 151 Euglena polypeptides were inhibited
when ethanol was added to resting cells at the time of light
exposure. This inhibition was not observed when malate was
added to resting cells, indicating that the inhibition is a spe-
cific effect of ethanol addition rather than a general effect
caused by a stimulation of cell division produced by provid-
ing a utilizable carbon source to resting (carbon-starved)
cells. Glucose also appears to specifically repress the photo-
induction of enzymes such as chloroplast valyl-tRNA syn-
thetase (13) whose photoinduction is repressed by ethanol
(13, 15). The repression of light-induced enzyme synthesis
by glucose and ethanol thus appears to represent the repres-
sion by a carbon source of the enzymes, in this case the bio-
genesis of an entire organelle, required for the utilization of
light, an alternative carbon source, a process termed catabo-
lite repression (1). As found for mitochondrial development
in yeast (2), catabolite repression of chloroplast biogenesis
provides a mechanism to establish a hierarchy of carbon
source utilization. In the case of Euglena, catabolite repres-
sion ensures that energy will be expended to produce the
machinery required for the metabolism of ethanol, a carbon
source that is not always found in the environment rather
than for the metabolism of light and C02, a carbon source
which reappears every 24 hr.

Catabolite repression has been found in both prokaryotes
(7) and those free-living eukaryotes that can use a variety of
carbon sources for growth (2, 8). In the case of Escherichia
coli, catabolite repression is mediated by cyclic AMP (7).
Transcription of catabolite-sensitive genes is dependent on
the binding of a cyclic AMP-cyclic AMP-binding protein
complex to the promoter region of catabolite-sensitive genes
(7). In the presence of catabolite repressors such as glucose,
cyclic AMP levels decrease, the cyclic AMP-cyclic AMP-
binding protein complex cannot form and transcription can-
not occur due to the absence of this complex (7). In eukary-
otes, catabolite repression has been extensively studied in
yeast (2, 8). Glucose and other fermentable sugars repress,
at the level of gene transcription (2), the synthesis of mito-
chondrial enzymes, glyoxylate cycle enzymes, and a number
of other enzymes that are specifically required for growth on
alternative carbon sources (2, 8). In contrast to E. coli, in
which a single gene controls catabolite repression, multiple
genes regulate catabolite repression in yeast (27, 28). Al-
though it has been suggested that catabolite repression in
yeast is also mediated by cyclic AMP (2), evidence has accu-
mulated suggesting that cyclic AMP is not involved (8, 29).

Thus, in yeast, catabolite repression appears to refer to a
number of regulatory systems that regulate the transcription
of groups of genes in an unknown manner.

Light regulates the transcription of both the nuclear and
chloroplast genomes of Euglena. The abundance of some
chloroplast genome transcripts is increased while the abun-
dance of other transcripts is decreased as a result of light
exposure (30, 31). The complexity of nuclear DNA tran-
scripts is initially increased after light exposure and then de-
clines (32, 33). Transcripts present 24 hr after light exposure
are, however, different from those present prior to light ex-
posure (33). The changes in the pattern of gene transcription
parallel the changes in the levels of specific polypeptides
(17), suggesting that one of the ways in which light regulates
the polypeptide composition of Euglena is by regulating the
pattern of gene transcription.

In Euglena, ethanol and acetate induce the synthesis of a
number of glyoxysomal enzymes (4, 21-23). The induction of
malate synthase by C2 compounds is associated with an in-
crease in translatable mRNA coding for malate synthase
(34), indicating that C2 compounds also regulate gene tran-
scription. These same C2 compounds repress chloroplast de-
velopment (10-13, 15) and our studies with two-dimensional
gels indicate that the previously reported repression of the
induction, by ethanol, of a large number of enzymes proba-
bly results from a decrease in enzyme protein rather than an
ethanol-dependent inhibition of enzyme activity. Events
controlled by the chloroplast and nonchloroplast photo-
receptor are catabolite sensitive. Protochlorophyll(ide) is the
chloroplast-localized photoreceptor that regulates gene tran-
scription in Euglena (35, 36). Although C2 compounds, etha-
nol and acetate, repress chloroplast development, they do
not inhibit the phototransformation of protochlorophyll to
chlorophyll (12, 13) indicating that catabolite repression does
not operate at the level of light perception. Since both C2
compounds and light regulate transcription in Euglena, it is
likely that, as found in yeast and bacteria, catabolite repres-
sion results directly from a C2-mediated inhibition of the
light-regulated transcription of the nuclear and chloroplast
genome. Although cyclic AMP (37) and cyclic AMP-binding
proteins (38) have been found in Euglena, the level of cyclic
AMP has not been shown to be altered by exposing resting
cells to light. Since, in P. malhamensis, the depletion of glu-
cose from the medium and the initiation of chlorophyll syn-
thesis are associated with changes in the intracellular level of
cyclic AMP (14), it will be interesting to determine whether
C2 compounds alter cyclic AMP levels in Euglena.
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